Results and Discussion
To define Cenp-F's role in kinetochore-microtubule interactions (KT-MT), we screened a yeast two-hybrid (Y2H) library by using a C-terminal Cenp-F fragment (fragment a, Figure S1A in the Supplemental Data available online). This identified Ndel1, one of two human NudE-related proteins, the other being Nde1 (see [8] ). In addition to full-length Ndel1, the screen yielded C-terminal Ndel1 fragments, suggesting that Ndel1 binds Cenp-F via its NudC domain ( Figure S1C ). To identify the minimal domain of Cenp-F capable of interacting with Ndel1, fragment a was further fragmented, thereby identifying a 100 amino acid region as containing the Ndel1-binding domain (Figures S1A and S1B). To confirm that the Y2H data reflected a physical interaction, we incubated GST-Ndel1 in HeLa extracts expressing GFP-tagged Cenp-F fragments. Importantly, Cenp-F fragment d8 bound GST-Ndel1 ( Figure 1A ). Consistent with Cenp-F binding the C-terminal domain of Ndel1, fragment d8 did not bind GST fused to the N terminus of Ndel1 ( Figure 1A ).
Ndel1 and Nde1 were originally identified in Y2H screens that used Lis1 as bait [9] [10] [11] . Lis1, which is mutated in human lissencephaly, is involved in neuronal migration and neural stem cell division (reviewed in [12] ). Lis1 forms complexes with Ndel1, Nde1, and cytoplasmic Dynein, which together play roles in axonal transport. The roles of Lis1, Ndel1, and Nde1 are not, however, restricted to neuronal cells. For examples, the yeast NudE homolog cooperates with Lis1 to target Dynein to MT ends [13] ; and in cultured mammalian cells, Lis1 localizes to KTs and plays a role in Dynein-dependent ''stripping'' of checkpoint proteins from attached KTs [14] . Moreover, expression of Ndel1 mutants disrupts minus-end-directed MT-dependent vesicle movement during interphase [15] . Finally, Ndel1/ Nde1 localize to the spindle and are required for poleward movement of Dynein cargoes [16] .
Having identified Ndel1 as a Cenp-F-binding partner, we asked whether Ndel1 localizes to KTs. During mitosis, transfected full-length Myc-Ndel1 colocalized with Bub1 at KTs ( Figure S1D ). In addition, the C-terminal fragment, which interacts with Cenp-F, also localized to KTs; by contrast, the N-terminal fragment did not ( Figure S1D ). Although Ndel1 was previously localized to the mitotic spindle, KT localization was not described [16] . We suspect that this is due to fixation conditions: whereas we could detect Ndel1 on the spindle in both formaldehyde-and methanol-fixed cells (data not shown), KT staining was apparent only after formaldehyde fixation.
To determine whether endogenous Ndel1 localized to KTs, we generated a Ndel1 antibody that recognizes overexpressed GFP-Ndel1 and a band of w38 kDa, the predicted molecular weight of Ndel1 ( Figure 1B ). This band diminished after Ndel1 RNAi, confirming that it corresponds to Ndel1 ( Figure 1B ). In cells, the Ndel1 antibody recognized discrete foci in prometaphase and metaphase that were often at the end of K fibers ( Figure 1C ), indicating that endogenous Ndel1 localizes to KTs. We did not observe Ndel1 at prophase KTs (data not shown), indicating that it is recruited after Cenp-F [2, 17] . Like many other transient KT proteins, Ndel1 was largely absent from KTs in anaphase ( Figure 1C ). The Ndel1 foci were also positive for Bub1 ( Figure S2A ), confirming that endogenous Ndel1 localizes to KTs. Ndel1 remained KT bound in nocodazole-treated cells ( Figure S2A ), indicating that Ndel1 targets KTs independently of MTs.
We next asked whether KT localization of Ndel1 was dependent on Cenp-F. Importantly, Cenp-F RNAi abolished KT localization of Ndel1 ( Figure 1D ). By contrast, Ndel1 RNAi did not appear to affect Cenp-F localization (not shown). Only a subpool of Cenp-F localizes to KTs *Correspondence: stephen.taylor@manchester.ac.uk during mitosis; therefore, we asked whether KT localization of Ndel1 requires Cenp-F to be at the KT. To do this, we repressed Bub1 by RNAi, which we have previously shown dislodges Cenp-F from the KT without depleting it from the cell [18] . Importantly, after Bub1 RNAi, Ndel1 failed to target KTs (Figures S2C), suggesting that KT localization of Ndel1 requires Cenp-F to be at the KT. To determine whether Ndel1 targets KTs via a direct interaction with Cenp-F, we expressed GFP-tagged Cenp-F fragments with different abilities to bind Ndel1 and/ or target the KT. Importantly, fragment d8, which binds Ndel1 but does not localize to KTs, titrated Ndel1 away from KTs ( Figure S2B ). By contrast, fragment a, which binds Ndel1 and localizes to KTs, and fragment c, which 4) plus a band at w38 kDa-the expected size of Ndel1-that diminishes after transfection of siRNAs designed to target Ndel1 (lane 9). The dilution series of the control sample (lanes [5] [6] [7] [8] indicates that in this population, Ndel1 is repressed to between 10% and 30%; BubR1 was used as a loading control. (C) Immunofluorescence images of DLD-1 cells stained to detect Ndel1 (red), microtubules (green), and DNA (blue). Endogenous Ndel1 is readily detectable at KTs in prometaphase and metaphase (panels i and ii) but not during anaphase (panel iii). Enlargement shows Ndel1 at the end of a K fiber. Scale bar represents 5 mm. (D) Immunofluorescence images of HeLa cells after transfection of siRNA duplexes then stained to detect Ndel1 (red), Bub1 (green), Cenp-F, and DNA. Ndel1 colocalizes with Bub1 at KTs in the control cell but not after Cenp-F repression. Scale bar represents 5 mm.
does not bind Ndel1 and does not localize to KTs, did not titrate Ndel1 away from KTs ( Figure S2B ). Taken together, these results strongly suggest that Cenp-F targets Ndel1 to KTs via a direct interaction.
To determine Ndel1's functional role, we analyzed the effects of Ndel1 RNAi in HeLa cells. Although Ndel1 RNAi did not have a significant effect on mitotic timing (Figure 2A) , the majority of repressed cells demonstrated late mitotic defects; specifically, anaphase bridges were observed in 59% of mitotic cells, in contrast to only 13% in control cells ( Figure 2B and Movies S1-S3). These anaphase bridges often produced a ''bungee cord'' effect in telophase that resulted in the formation of a single multilobed nucleus ( Figure 2B and Movie S3). Because anaphase bridges are symptomatic of merotelic orientations [19] , we investigated KT-MTs attachments after Ndel1 RNAi. In controls, sister KTs were clearly bioriented ( Figure 2C ). By contrast, lateral and/or merotelic associations were observed in Ndel1-deficient cells ( Figure 2C) . Consistently, the mean inter-KT distance was reduced from 1.25 6 0.02 mm in controls (n = 59 KTs in 8 cells) to 1.08 6 0.03 mm in Ndel1-deficient cells (n = 52 KTs in 8 cells).
The observation that Ndel1-deficient cells progress through mitosis with normal kinetics (Figure 2A ) despite chromosome malorientations suggests that the spindle checkpoint may be deficient. However, this need not be the case because merotelic orientations do not activate the spindle checkpoint [19] . Therefore, we directly tested the effect of Ndel1 RNAi on the checkpoint. Importantly, Ndel1-deficient cells arrested in mitosis when treated with monastrol, indicating that the spindle checkpoint is intact ( Figure 2D) . Accordingly, the checkpoint protein Mad2 successfully accumulated at KTs when Ndel1-depleted cells were treated with nocodazole ( Figure 2E) . Therefore, the simplest explanation for Ndel1-deficient cells is that some KTs bind MTs laterally or merotelically; these do not delay anaphase but then manifest as chromatin bridges after chromosome separation.
We were surprised by the Ndel1 RNAi phenotype, for two reasons. First, Cenp-F RNAi prevents chromosome alignment, inducing mitotic arrest [3] [4] [5] [6] [7] . If Ndel1 is a downstream Cenp-F effector, then Ndel1 RNAi should yield a similar phenotype. Second, Ndel1 was originally identified as a binding partner of Lis1 [9, 10] , a protein that also localizes to KTs [14, 20, 21] , and inhibition of Lis1 also delays mitotic progression [20] . These differing phenotypes could be trivial; perhaps the RNAi did not reduce Ndel1 levels below the threshold required for a penetrant effect. However, Ndel1 is closely related to Nde1 [11] , which may bind KTs [22] , and so the relatively mild nature of the Ndel1 RNAi phenotype may be accounted for if Ndel1 and Nde1 share common functions. To test this, we turned our attention to Nde1.
First, we determined the localization of Nde1 in mitosis. Immunostaining with a Nde1 antibody revealed clear KT association ( Figure 3A) . To probe the role of Nde1, we analyzed the effects of Nde1 RNAi in HeLa cells. Note that Nde1 RNAi did not affect Ndel1 levels, and vice versa ( Figure 3B ). In contrast to Ndel1 RNAi, repression of Nde1 increased the average time spent in mitosis from w72 min in controls to w170 min after Nde1 RNAi ( Figure 3C ). Metaphase chromosome alignment was inefficient in Nde1-deficient cells ( Figure 3D and Movies S4 and S5), suggesting a significant KT-MT defect; such defects activate the spindle checkpoint, thereby explaining the prolonged mitosis ( Figure 3C ). Consistent with the spindle checkpoint being intact, Mad2 was efficiently recruited to KTs in Nde1-deficient cells treated with nocodazole ( Figure 2E) . Thus, repressing Nde1 and Ndel1 yields different phenotypes, indicating that while both are required for chromosome segregation, they play distinct roles.
Because the Nde1 RNAi phenotype is reminiscent of that observed after Cenp-F RNAi [3] [4] [5] [6] [7] , we asked (1) whether Cenp-F targets Nde1 to KTs and (2) whether Cenp-F physically interacts with Nde1. Note that an interaction might be predicted: a previous study showed that Lek1, a murine protein related to Cenp-F, binds Nde1 [23] . Significantly, Nde1 did not localize to KTs after Cenp-F RNAi ( Figure 3A ). In addition, Cenp-F fragment d8 bound GST-Nde1 in the in vitro binding assay ( Figure 3E ). Thus, Cenp-F binds and targets Nde1 to KTs.
Ndel1 and Nde1 were first identified because of their ability to bind Lis1 [9, 11] ; we therefore investigated whether Nde1, Ndel1, and/or Cenp-F are required for KT targeting of Lis1 by separately repressing Ndel1, Nde1, and Cenp-F in HeLa cells expressing Myc-tagged Lis1. While repression of Cenp-F dislodged Myc-Lis1 from KTs, Myc-Lis1 remained KT bound after inhibition of either Ndel1 or Nde1 ( Figure S3 ). Thus, whereas Cenp-F is required for KT localization of Ndel1, Nde1, and Lis1, neither Ndel1 nor Nde1 are essential for Lis1 targeting; note, however, that we cannot rule out the possibility that Ndel1 and Nde1 play redundant roles in this respect.
In addition to binding Lis1, both Ndel1 and Nde1 associate with cytoplasmic Dynein [9-11, 13, 16] . Importantly, Dynein is required for KT-MT interactions and has been implicated in silencing the spindle checkpoint [24, 25] . We therefore investigated whether the Ndel1 and Nde1 RNAi phenotypes could be accounted for by defective Dynein localization. Importantly, whereas Ndel1 RNAi did not appear to affect KT localization of the Dynein intermediate chain (DIC) (Figure 4A ), DICpositive KTs were not apparent after Nde1 repression ( Figure 4B ). Although Dynein mislocalization may be sufficient to activate the spindle checkpoint by inhibiting KT-MT interactions, we asked whether Nde1 RNAi had a direct effect on the checkpoint. Specifically, Dynein is required to ''strip'' checkpoint proteins from attached KTs, thus silencing the checkpoint [24, 25] . To determine whether Nde1-deficient cells exhibit a stripping defect, we exposed Nde1-repressed cells to the proteasome inhibitor MG132 and then stained for Mad2; by inhibiting proteolysis, mitotic cells that had satisfied the spindle checkpoint remained in mitosis, thereby allowing us to identify Nde1-deficient cells that had managed to align their chromosomes despite Dynein displacement. Interestingly, after Nde1 RNAi, residual Mad2 at attached KTs increased by w1.7-fold ( Figure 4C ). Although we cannot rule out the possibility that this reflects reduced MT occupancy, this observation is consistent with the notion that Nde1 is involved in stripping. Note that Ndel1 RNAi, which does not delay mitosis, had no apparent effect on residual Mad2 levels ( Figure 4C ).
In summary, we identified Ndel1 and Nde1 as Cenp-F-binding partners. We mapped Cenp-F's Ndel1-binding domain to amino acids 2197 to 2297 and show that Ndel1 binds Cenp-F via its C-terminal NudC domain. Both Ndel1 and Nde1 are recruited to KTs in prometaphase in a Cenp-F-dependent manner. Although Cenp-F also targets Lis1 to KT, we observed no obvious effect on Lis1 after inhibition of Ndel1 or Nde1. It appears, however, that Nde1 is required to recruit Dynein to KTs. A simple model illustrating the dependency relationships in terms of KT localization is shown in Figure 4D . Understanding the physical and functional relationships between these proteins, as well as other Dynein regulators, such as Clip-170 [21] , will require further investigation. Ndel1 and Nde1 also localize to spindle poles [10, 11] , suggesting that their mitotic functions are unlikely to be restricted to modulating KTs. Nevertheless, our observations provide novel insight into the role Cenp-F plays in mediating chromosome segregation; our data link Cenp-F with the Ndel1-Nde1-Lis1-Dynein pathway, indicating that Cenp-F couples the KT to the minus-end-directed motor activities.
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